Introduction
Circulatory diseases are the second most common cause of death in Japan. Cardiovascular devices such as coronary stents, heart valves and artificial blood vessels have been used for the treatment of these diseases. Once these devices are inserted in the body, their surfaces come in contact with blood [1, 2] . To prevent thrombus formation on such devices, many types of biomaterials with biomimetic, non-fouling and biomolecule-immobilized surfaces have been developed [3] [4] [5] [6] . These surfaces have excellent hemocompatibility, but inhibit adsorption of cell adhesion proteins, and therefore endothelial cells cannot adhere to them. To overcome this disadvantage, collagen [7] , growth factor [8] and cell adhesion peptide [9] were immobilized on these surfaces to promote endothelial cell adhesion, proliferation and migration. However, these surfaces do not show anti-thrombogenic properties. Therefore, a novel biomaterial that has anti-thrombogenic properties and yet allows endothelial cell adhesion/proliferation is required for long-term stability when implanted in cardiovascular tissue.
Gelatin is known as a biopolymer with excellent biocompatibility and biodegradability. In addition, gelatin chains contain cell adhesion motifs, such as arginine-glycine-aspartic acid (RGD) sequences, thereby improving its biological behavior over polymers that lack these cell-recognition sites [10] . However, gelatin is rarely used in clinical applications, because aqueous gelatin solutions have a sol-gel transition point around human body temperature. Various chemical crosslinkers, such as glutaraldehyde [11, 12] , carbodiimide [13] and epoxy [14] compounds, have been used to overcome this problem. However, gelatin hydrogels prepared using these chemicals are cytotoxic and induce chronic inflammation. Recently, we have developed the organic acid-derived crosslinkers disuccinimidyl tartrate (DST), disuccinimidyl malate (DSM) and trisuccinimidyl citrate (TSC) [15] [16] [17] [18] . These crosslinkers contain substituted carboxyl groups of organic acid with active esters and form biopolymer matrices via a reaction between the biopolymer and the active ester groups of the crosslinker. The resulting matrices have been shown to possess high mechanical strength and cytocompatibility [19] [20] [21] . Here, we report three types of organic acid-crosslinked gelatins exhibiting endothelialization and anti-thrombogenic properties. These gelatins were prepared with various crosslinking densities, and their biochemical and physicochemical properties (including the water content, concentration of the residual amino groups in the matrices, endothelialization, anti-thrombogenic properties and biodegradability) were investigated.
Materials and methods

Materials
AlGelatin (beMatrix) derived from porcine skin was provided by Nitta Gelatin Inc. (Osaka, Japan). AlGelatin with carboxyl groups generated by hydrolysis of the residual amide groups present in the asparagine and glutamine residues has an isoelectric point of 5. Tartaric acid, malic acid, citric acid, 25% glutaraldehyde (GA) tetrahydrofuran (THF), N-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), lactic acid and 2,4,6-trinitrobenzenesulfonic acid (TNBS) were purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan). N,N -Dicyclohexylcarbodiimide (DCC) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Collagenase was purchased from Nacalai Tesque (Kyoto, Japan). All chemical reagents were used without further purification.
Synthesis of the organic acid-derived crosslinkers
DST, DSM and TSC were prepared according to the previously reported methods [15] [16] [17] [18] . Briefly, tartaric acid, malic acid or citric acid, respectively, was dissolved in THF, and subsequently NHS and DCC were added to this mixture. After stirring the mixture for 30 min, it was concentrated to remove THF. 
Preparation of the matrices
AlGelatin was dissolved in DMSO containing 10% (w/w) of lactic acid to obtain a 10% (w/v) solution. DST, DSM and TSC solutions of various concentrations were prepared in DMSO containing 10% of lactic acid and were sterilized by filtration with a 0.2 µm pore filter (Mille-LG, Millipore, Billerica, MA). GA-crosslinked AlGelatin (AlGelatin-GA) was prepared without lactic acid. The crosslinker solutions were added to the AlGelatin solutions such that the mixing ratios of succinimidyl (NHS) groups of the crosslinker to the amino (NH 2 ) groups of the AlGelatin were 0.5, 1 and 2. Each AlGelatin and crosslinker solution was stirred and then poured into a mould with a 1 mm silicone rubber spacer between two glass plates for 24 h at 25
• C (figure 1). The matrices were subsequently immersed in excess sterilized water for 3 days at 4
• C to remove the solvent and reaction by-products from the matrix. The gelatin matrices were then punched out in a disc-like shape (10 mm diameter, 1 mm thickness). For the cell culture experiments, the matrices were prepared under sterile conditions.
Characterization of the matrices
The water content of the matrices was determined using the following equation:
where W w and W d are the weights of the matrix when immersed in water and after freeze-drying, respectively. The residual amino groups in the matrices were determined using a spectrophotometric method with TNBS [22] . Briefly, 2 ml of a 4% sodium hydrogen carbonate solution, 2 ml of a 0.1% TNBS solution and 1 ml of water were added to 10 µg of dried matrix, followed by incubation for 2 h at 37
• C. Subsequently, 5 ml of 6 M hydrochloric acid solution was added, followed by heating for 2 h at 70
• C to hydrolyze the matrix. The absorbance values of the mixed solutions were measured at 340 nm using a plate reader (GENiosA-5082, Tecan Group Ltd, Männedorf, Switzerland).
Culture of endothelial cells on the matrices
Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Walkersville, Maryland, USA) and used to evaluate endothelialization on the sterilized matrices. HUVECs were cultured in basal endothelial medium (EBM-2) supplemented with 2% fetal bovine serum (FBS), human fibroblast growth factor-basic (hFGF-B), epidermal growth factor (EGF), R3-insulin-like growth factor (R3-IGF-1) and gentamicin, following the manufacturer's protocol (Lonza). Matrices were placed on 48-well plates and pre-incubated in the culture medium for 24 h. The HUVECs (2 × 10 4 cells) were then seeded onto each matrix and incubated at 37
• C with 5% CO 2 . After culturing for 1 and 7 days, the HUVECs seeded onto the matrices were washed twice with 1 ml of 0.1 M phosphate buffered saline (PBS, pH 7.4). The adhering HUVECs on each matrix were counted using WST-8 (Dojindo, Kumamoto, Japan), a colorimetric assay reagent for cellular dehydrogenase activity; its absorbance at 450 nm is proportional to the dehydrogenase activity in the cell. To confirm the morphology of the HUVECs on the surface, each substrate was removed from the plate after incubation. The HUVECs were fixed in 10% formalin neutral buffer solution for 60 min and permeabilized in 0.2% Triton-X 100 in PBS for 2 min. They were then incubated in Alexa Fluor 488 phalloidin diluted in PBS for 60 min and in 0.1% 4 ,6-diamidino-2-phenylindole (DAPI) in PBS for 10 min in the dark at room temperature. They were subsequently observed using an IX71 inverted fluorescence microscope (Olympus Co., Japan).
Evaluation of the anti-thrombogenic properties
The anti-thrombogenic properties of the matrices were evaluated according to established methods [23, 24] . Each matrix was pre-incubated in 0.1 M PBS for 24 h, and then placed in a tube and immersed in 1.0 ml of whole rat blood (male Wistar rats, 12-16 weeks old, Charles River, Japan) for 15 min at 37
• C. After incubation, the matrix was removed and gently rinsed three times with PBS. The matrix was then fixed with 10% neutral buffered formalin and subjected to critical point drying using tert-butyl alcohol. All experiments were carried out with the approval of the Animal Care and Use Committee of the National Institute for Material Science.
Enzymatic degradation of the matrices
Enzymatic degradation tests on the matrices were performed using a previously reported method [25, 26] . Disc-like matrices were immersed in 5 ml of 0.1 M tris-hydrochloric acid buffer solution (pH 7.4, 2.5 mM calcium chloride) containing 30 units ml −1 of collagenase at 37
• C. After various immersion times, the matrices were weighed and the percentage of weight loss was calculated.
Scanning electron microscopy (SEM)
SEM observations were carried out using a JSM-5600 microscope (JEOL, Tokyo, Japan). The sample was coated with platinum using an ESC-101 SEM sample coating system (Elionix, Tokyo, Japan).
Statistical analysis
The results are expressed as the mean ± standard deviation (SD). Statistical comparisons were made using a two-tailed Student's t-test with Microsoft Office Excel 2010.
Results
Water content of the matrices
To investigate the effects of the crosslinker concentration on crosslinking density, the water content of the matrices was evaluated and the results are shown in figure 2 . The water content for all the crosslinked matrices, except for that with GA, shows minimum values with equimolar amounts of the active ester and amino groups (NHS/NH 2 = 1). According to the Flory-Rehner equation, the crosslinking density of the matrix increases with decreasing water content. In addition, at the same crosslinker concentration, a lower water content was obtained for DST, followed by TSC and DSM. In contrast, the water content of the AlGelatin-GA matrix consistently decreased with increasing GA concentration. Figure 3 shows the concentration of the residual amino groups in AlGelatins prepared with different crosslinker concentrations. The concentration of the residual amino groups in the AlGelatin-DST, -DSM and -TSC matrices decreased with increasing crosslinker concentration, and only a few residual amino groups were detected at high crosslinker concentrations. On the other hand, the concentration of the residual amino groups in the AlGelatin-GA matrix decreased much more gradually with GA concentration. Figure 4 shows the surface density of HUVECs on the AlGelatin-DST, -DSM, -TSC and -GA matrices with different crosslinker concentrations after being cultured for 1 and 7 days. HUVECs were not observed on the AlGelatin-GA matrix. Conversely, high HUVEC densities were detected on the organic acid-crosslinked AlGelatins, after 1 or 7 days of culture. On the AlGelatin-DST where the DST concentration represents a ratio of NHS/NH 2 = 1, the HUVEC density reached a maximum of 3234 ± 1509 cells cm −2 . A similar tendency was observed for the AlGelatin-DSM and -TSC matrices. At the same crosslinker concentration (NHS/NH 2 = 1), the density of cells on AlGelatin-TSC was the highest compared with those on AlGelatin-DST and -DSM after 1 day of culture. After culturing for 7 days, the density of HUVECs grew 8-23 times, and the relationship between the crosslinker concentration and HUVEC density was nearly the same as that after culturing for 1 day. To examine the effect of FBS on cell adhesion, HUVECs were cultured in culture medium without FBS on AlGelatin-DST as an example. On the AlGelatin-DST where the DST concentration represents a ratio of NHS/NH 2 = 1, the density of HUVECs reached a maximum of 2244 ± 150 cells cm −2 , whereas it was 1775 ± 199 cells cm −2 for NHS/NH 2 = 0.5 and 1589 ± 311 cells cm −2 for NHS/NH 2 = 2. HUVEC densities were similar with or without FBS in culture medium. Figure 5 shows the morphology of the HUVECs on the AlGelatin-DST, -DSM, -TSC and -GA matrices with different crosslinker concentrations. The morphology of the cell proliferation was confirmed to correspond to the density of cells on all the matrices. After culturing for 1 day, round-shaped HUVECs were observed on the AlGelatin-DST, -DSM and -TSC matrices with a low crosslinker concentration (NHS/NH 2 = 0.5), while stretched HUVECs were observed on the matrices with high crosslinker concentrations (NHS/NH 2 = 1). However, after 7 days of culture, all the HUVECs were stretched, regardless of the crosslinker concentration. Figure 6 shows the AlGelatin-DST, -DSM and -TSC matrices with different crosslinking densities after immersion in rat whole blood. The AlGelatin-GA matrices were employed as a control. Considerable thrombus formation was observed on the surfaces of all the AlGelatin-GA matrices and on the AlGelatin-DST, -DSM and -TSC matrices with low crosslinker concentrations (NHS/NH 2 = 0.5). However, no thrombus formation was observed on the AlGelatin-DST, -DSM and -TSC matrices with a high crosslinker concentration (NHS/NH 2 1). Figure 7 shows SEM images of the surfaces of the AlGelatin-DST, -DSM, -TSC and -GA matrices after the thrombus formation test. Platelets and red blood cells impregnated in the fibrin network were observed on the surfaces of the AlGelatin-GA and AlGelatin-DST, -DSM and -TSC matrices with a low crosslinker concentration (NHS/NH 2 = 0.5). On the other hand, no fibrin networks or platelet adhesion was detected on the surfaces of the AlGelatin-DST, -DSM and -TSC matrices with high crosslinker concentrations (NHS/NH 2 1).
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Degradation behavior of the matrices
To evaluate the enzymatic degradation behavior, AlGelatin-DST, -DSM, -TSC and -GA matrices with different crosslinking densities were immersed in a collagenase solution. Then their remaining weight was measured and the results are presented in figure 8 . All the AlGelatin matrices are gradually digested by collagenase, with the stability of the AlGelatin-DST, -DSM and -TSC matrices toward enzymatic degradation varying in the order NHS/NH 2 = 1 > 2 > 0.5. When the crosslinker concentration is NHS/NH 2 = 1, the degradation time for AlGelatin-DST is 90 min and for AlGelatin-DSM and -TSC is 75 min. The degradation of AlGelatin-DST was the slowest of all the matrices examined in this study. On the other hand, the degradation time for the AlGelatin-GA matrices was elevated with increasing GA concentration. 
Discussion
Anti-thrombogenic and endothelialization properties are important surface characteristics of blood-contacting materials. To design materials with such properties, we hypothesized that their surfaces should have both a negative charge and a cell adhesive sequence. On the basis of this concept, we fabricated organic acid-crosslinked AlGelatins with various crosslinking densities and evaluated their anti-thrombogenic and endothelialization properties. The water content of the gelatins increased in the crosslinker order DSM > TSC > DST. The excess active ester groups in the crosslinker are hydrolyzed to the corresponding carboxyl groups, and thus, the surface of the matrices is assumed to be negatively charged. Platelets and fibrin networks were observed on all the AlGelatin-GA matrices and the AlGelatin-DST, -DSM and -TSC matrices with a low crosslinker concentration (NHS/NH 2 = 0.5; see figures 4-7). Because AlGelatin has a cell adhesion sequence (such as RGD), plates adhered and fibrin networks formed on the surface of these matrices. However, no platelets or fibrin networks were observed at high DST, DSM or TSC concentrations (NHS/NH 2 1). This observation results from the introduction of the negatively charged carboxyl groups generated from the hydrolyzed active ester groups of the organic acid-derived crosslinker. In figure 3 , it can be seen that almost all the amino groups react with the active ester groups of the organic acid-derived crosslinker at high crosslinker concentration. This result suggests the formation of an AlGelatin network that bears active ester groups. Through this process, negatively charged groups were introduced into the AlGelatin matrices. There are two types of reactivity for the active ester groups in DSM and TSC. It is thought that the highly reactive esters participate in matrix formation, while the less-reactive esters contribute to the generation of the carboxyl groups. Furthermore, AlGelatin has an isoelectric point of 5. Therefore, the anionic charge of AlGelatin also contributes to the expression of anti-thrombogenic properties by the matrices.
In general, hydrophilic surfaces inhibit cell adhesion because they reduce the adsorption of certain cell proteins on the surface of the matrix [27, 28] . In this study, the number of HUVECs on the organic acid-crosslinked AlGelatins peaked with equimolar amounts of NHS and amino groups (NHS/NH 2 = 1), regardless of the type of organic acid crosslinker. Correspondingly, the water content of the AlGelatin matrix with NHS/NH 2 = 1 was much lower than that of the AlGelatin matrix with any other crosslinker concentration. Therefore, the density of the cell adhesion sequence derived from AlGelatin on the matrix at NHS/NH 2 = 1 is thought to be much higher than that with other crosslinker concentrations. In addition, HUVECs have not been observed on the AlGelatin-GA matrix for any GA concentration, even after incubation for 7 days. This result implies that unreacted aldehyde or hydrolyzed GA in the matrix exhibited cytotoxicity and inhibited cell proliferation.
The biodegradability of the organic acid-crosslinked AlGelatins was also studied in vitro. Collagenase (pI = 5.2) cleaves a unique peptide bond site in the triple-helical structure of gelatin and induces fragmentation between X and glycine in the sequence proline-X-glycine, where X is any amino acid [29] . All the matrices were degraded after immersion into a collagenase solution, with the organic acid-crosslinked AlGelatins with NHS/NH 2 = 1 showing the highest stability against enzymatic degradation. Interestingly, there was no significant difference in the crosslinking density between NHS/NH 2 = 0.5 and 2; however, the degradation rate was higher for NHS/NH 2 = 0.5 than 2 in vitro. We speculate that the matrices with a high crosslinker concentration (NHS/NH 2 = 2) are degraded slowly because of the negatively charged surface, which causes an electrostatic repulsion with the collagenase in the in vitro environment. Figure 9 shows the antithrombogenic, endothelialization and degradation properties of the organic acid-crosslinked AlGelatins. When the NHS/NH 2 ratio is greater than 1, the resulting AlGelatin matrices possess anti-thrombogenic, endothelialization and collagenase-durable properties because of the introduction of the carboxyl groups derived from the active ester groups of the organic acid-derived crosslinker. In a previous study, we confirmed that crosslinked gelatin remained for 8 weeks in rat body [25] . Owing to these properties, these matrices have potential as coating materials for cardiovascular devices such as coronary stents, heart valves and artificial blood vessels.
Conclusions
We have developed biodegradable organic acid-crosslinked AlGelatins that possess both anti-thrombogenic and endothelialization properties. In particular, the organic acid-crosslinked AlGelatins with the highest crosslinking density exhibit excellent adhesion and proliferation of endothelial cells; they also inhibit platelet adhesion and fibrin network formation. The AlGelatin matrices were durable against collagenase when the NHS/NH 2 ratio of the matrices was greater than 1. These results indicate that the AlGelatin matrices with anti-thrombogenic and endothelialization properties have great potential for cardiovascular applications.
